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ABSTRACT 
A research study was conducted to examine the relationship 
between speciation of heavy metals (Zn , Cd, Pb, Cu) and their 
biotoxicity. Therefore, s tat i c b i oassay experiments were designed 
to determine LC-50 values for these me t als on mosquitofish, 
Gambusia a f finis . The standard bioas s ay scheme consisted of twelve 
16-liter all-glass aquaria that pr ovided duplicates of five dif-
ferent metal concentrations and a cont ro l for each run. Deionized 
tap water and filtered retention/detention wat er from Maitland Pond 
were used for bioassays . The effects of various physicochemical 
parameters such as pH, alkalinity, hardness and organic complexation 
on metal toxicity were determined . Also, synergistic and anta-
gonistic effects resulting from me tal mixtures were examined. 
It was concluded that metals in pond water were considerably 
less toxic than in deionized water f or mosquitofish. Also, copper 
was consistently the most t oxic metal tested for both deionized 
water and pond water . 
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CHAPTER I 
SCOPE AND OBJECTIVES 
Introduction 
Current l y there is an increasing concern for the fate of 
pollutants from highwa s t ormwater runoff. Much of this concern stems 
f r om the fact that s tormwater typically contains heavy metals such 
as copper, cadmi um, zinc, lead, chromium and nickel at significant-
ly higher con centrations than are found in adjacent water environ-
ments . All of thes e heavy metals appear to be vehicle related. 
Lead is emitted f r om gasoline exhausts, nickel from metal platings 
and diesel f uel , cadmium and zinc from rubber tires, and copper 
from bearings , bus hin gs and other mo ving parts of the engine. 
As these metals reach our ecosystem, they will undergo physi-
cal , chemi cal and biological transformations. They may be adsorbed 
on clay particles, taken up by plant and animal life or remain in 
solution. Particulate fractions will settle to the bottom sediments 
and heavy metals may resuspend or redissolve back into solution when 
environmental conditions permit. 
It has been shown by several authors that highway runoff causes 
significant increases of heavy metal concentrations in the bottom 
sediments of adjacent receiving water bodies (Van Hassel, Ney and 
Garling, 1979; Revitt and Ellis, 1980). It has also been shown that 
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many forms of aquatic biota, particularly those organisms associ-
ated with bottom sediments, are capable of storage and accumula-
tion of these metals . Benthic organisms (Annelida and Crustacea), 
as well as rooted macrophytes (Typha and Hydrilla) have shown in-
creased heavy metal accumulation when located near stormwater scup-
per drains (Yousef, Wanielista, Hvitved-Jacobsen and Harper, 1984). 
Heavy metals generated in highway runoff, even at relatively 
low concentrations, may cause a potential impact on nearby stream 
ecosystems, especially when stormwater is the major contributor of 
contaminants . Therefore, it is important that some sort of toxic 
threshold concentration for metals be developed and established with 
aquatic organisms associated with receiving waters. Such criteria 
are derived from scientific facts obtained from experimental or in 
situ observations that depict organism responses to a defined stim-
ulus (metals) under controlled environmental conditions for a speci-
fied time period (EPA, 1976). From such toxic criteria, limits on 
heavy metal concentrations may be imposed which are considered safe. 
These concentrations should provide an aquatic environment conducive 
to the livelihood and proliferation of the aquatic biota. 
Numerous studies on heavy metals have revealed that toxicity 
is effected by complex interactions associated with water quality. 
It is now understood that there are many parameters associated with 
natural surf ace waters which can singularly or collectively reduce 
or enhance the toxic action of metals. Parameters affecting 
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toxicity include : organic complexing agents, hardness, alkalinity, 
pH, temperature and dis solved oxygen. Also, combinations of heavy 
metals in water can cause toxic effects which are other than addi-
tive . Antagonistic and synergis tic reactions have been demon-
strated for heavy met als only superficially. The precise definition 
of such reactions and the e ffect on aquatic life have not been 
full identified . 
Scope and Ob ject ives 
The subject of toxic met al s pecies is an area which needs 
f urther investigation and clarification . To address various factors 
influencing metal toxicity, s t ati c bioassays were conducted with 
IJX>squitofish (Gambusia af finis) in both a deionized water and a 
filtered pond water receiving highway runo f f. This pond is located 
at the Maitland Interchange and I -4 site and is known as the west 
pond. This pond receives dire ct highway runoff and occasionally 
additional flow from a s e r i es o f two oth~r ponds within the 
interchange. 
The overall scope of this investigation is to examine the 
relationship between metal s peciation and biotoxicity. However, 
s pecific obj e ctives were f ollowed: 
1. To determine lethal concentrations for 50% kill (LC-50) 
a f ter 96 hours exposure of mosquitofish in deionized water dosed 
with Cu, Cd, Zn and Pb. 
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2. To determine factors influencing the biotoxicity such 
as hardness, alkalinity, EDTA and NaOH, in deionized water. 
3. To determine 96 hour LC-50 values for mosquitofish in a 
retention/detention pond water receiving highway runoff for Cu, 
Cd, Zn and Pb. 
4. To determine any synergistic or antagonistic effects for 
a solution of pond water and two or xoore heavy metals. Metal com-
binations may include Cu-Zn, Cu-Cd, Zn-Cd, Cu-Zn-Cd and Cu-Zn-Cd-Pb. 
CHAPTER II 
LITERATURE SURVEY 
A thorough survey of existing literature dealing with 
to experimentation. An overview of metal toxicity to fresh water 
organisms is dis cussed in this chapter. 
Mechanisms of Metal Toxicity 
Understanding the physiological toxic actions of metals can 
be the key in predicting lethal and sub-lethai effects on fish. 
Approaches such as histopathology, histochemistry, haematology, 
biochemistry and physiology may be used to determine mode and se-
verity of the action of a toxicant (Sprague, 1971). Further, know-
ledge of the toxic mechanisms for different taxa can prevent 
incorrect generalizations as to the toxicity of heavy metals. By 
far the most co1Illllon tool for assessing pathologic actions of toxins 
for fish is histology. Research has concentrated on the change 
and destruction of tissues associated with the kidney, liver and 
especially the gills. 
It was demonstrated by histopathological studies with cadmium 
that in general the process of epithelial destruction is both a 
function of dose and exposure (Durable and Shah, 1981). Similarly, 
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a study by Khangarot (1982) showed a series of declining gill con-
ditions with increasing zinc concentration. The first changes 
appeared as a delamination of gill epithelium, next was the forma-
tion of oedema, the fusion of secondary gill lamellae and degen-
eration of gill epithelial cells, followed by a unique pathological 
symptom designated as lamella telangiectasis. 
Experiments by Kumar and Pant (1981) demonstrated that zinc 
and copper produced severe damage to the gills, as well as necrotic 
changes in the liver and kidney. The pathologic effects on the 
kidney and liver were more intensive than those seen in the gills. 
Though zinc is far less toxic than copper to P. conchonius, the 
damage caused by zinc to the kidneys was more severe. 
Although a number of pathological symptoms in fish have been 
related to exposure in heavy metals, the actual mechanisms of toxi-
city remain unknown (Sprague, 1981; Andrew, 1976; Chynoweth, Black 
and Maney, 1976). It would appear from the gill membrane's high 
permeability and obvious tissue damage, that the death of fish in 
acute poisoning by heavy metals is due to the disruption of respir-
atory processes related to the damage of gill epithelium. 
Assessing Toxicity 
Methods of testing for toxicity of heavy metals in the aquatic 
environment are numerous. Though numerous, all methods assess 
either sub-lethal effects or lethal effects of the toxicant. Sub-
lethal effects range from histopathological and biochemical changes 
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within the fish, to changes in growth and swimming speed, impaired 
respiration and reduced activity. The latter responses are pro-
duced by chronic or long-term exposures, and significance in natural 
systems may be uncertain. Reproduction seems to be one of the most 
sensitive of chronic or sub-lethal responses which is clearly mean-
ingful in nature (Sprague, 1971). Reproduction can be effected 
by reducing spawning or through mortality of fry. Chronic effects 
often occur in the species population rather than in the individual, 
and the results of long-term tests are often expressed as the time 
span of more than one generation. 
Short-term lethal effects or acute toxicity refers to effects 
occurring in a short period of time; where death is the organism's 
response to testing. Acute toxicity can be expressed as the lethal 
concentration for a stated percentage of organisms tested which are 
exposed to the toxicant for a specified period of tim=, or the re-
ciprocal, which is the tolerance limit of a percentage of surviving 
organisms (EPA, 1976). Acute toxicity for aquatic organisms gener-
ally has been expressed for 24 to 96 hour exposures. 
Acute toxicity tests or bioassays can be classified according 
to the flow condition of the test solutions as static, renewal, or 
flow-through. Static bioassays are those in which the test organ-
isms remain in the same test solution for the duration of the test. 
In renewal bioassays, the test organisms are transferred to newly 
prepared test solutions at periodic intervals, usually every 24 hours. 
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In the flow-through tests, measured quantities of dilution water 
and the stock toxicant solution are mixed and delivered at a con-
stant rate and concentration to the test chambers to achieve a 
continuous flow-through of the test toxicant (American Public Health 
Association, 1976). 
Lethal concentration (LC) is used to express the results of 
bioassays having lethality as the criterion of toxicity. A numeral 
is associated with the lethal concentration to indicate the number 
of test organisms killed at a given toxicant concentration. Since 
mortality is a frmction of concentration and exposure, time is always 
expressed along with a lethal concentration value. Results of 
aquatic bioassays are often expressed as median lethal concentration 
for 96 hours exposure, or 96 hour LC-50. There are several methods 
of determining 96 hour LC-50 values from bioassay data, and most 
often graphical means are sufficient. A typical approach is des-
cribed in Chapter IV. 
The LC-50 values are useful measures of acute toxicity tmder 
certain experimental conditions, but obviously do not reflect a 
safe concentration for aquatic environments receiving pollution. 
Nevertheless, knowledge of the acute toxicity of a material can be 
very helpful in predicting or anticipating and preventing acute 
damage to aquatic life in receiving waters as discussed in Standard 
Methods for the Examination of Water and Wastewater (American Pub-
lic Health Association, 1976). 
9 
Calculation of Safe Levels 
The objective of research on lethal and sub-lethal effects 
should be the ability to predict levels of the pollutant that are 
safe tmder conditions of continuous exposure. Safe level is used 
here to mean the concentration of toxicant which does not have an 
adverse sub-lethal or chronic effect on fish. It is not an entirely 
satisfactory term since it often implies more safety than actually 
exists, and it should be clearly labeled as probable or tentative 
(Sprague, 1971). 
The application factor , as used in fisheries and pollution 
work, provides a way of predicting a safe level which is not known, 
from a median lethal concentration which is known. The LC-50 is 
multiplied by an application factor such as 0.1, to obtain a con-
centration which presumably has no sub-lethal or chronic effects. 
It should be stressed that assigned application factors are based 
on the judgement of scientists. This judgement should take into 
account available information on lethal levels and their relation-
ship to non-lethal levels, which must be determined empirically. 
Unforttmately, when sufficient information is not available, appli-
cation factors are assigned rather arbitrarily. 
The U.S. Environmental Protection Agency has assigned concen-
trations and application factors to heavy metals which should not 
be exceeded for surface waters. Water quality criteria for Cu, Cd, 
Zn and Pb are presented in Table 1. 
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TABLE 1 
METAL APPLICATION FACTORS FOR FRESH WATERS AS THEY 
APPEAR IN EPA QUALITY CRITERIA FOR WATER, 1976 
Metal 
Copper 
Cadmium 
Zinc 
Lead 
Water Quality Criteria 
0.1 times a 96 hour LC-50 as determined 
through non-aerated bioassay using sensi-
tive aquatic resident species. 
Soft water 
Hard water 
0.4 micrograms/liter 
1.2 micrograms/liter 
0.01 times a 96 hour LC-50 as determined 
through bioassay using sensitive resident 
species. 
0.01 times a 96 hour LC-50 using receiving 
or comparable water for ·sensitive fresh 
water resident species. 
Application factors and water quality standards for heavy metals 
are the result of exhaustive research efforts with fish and inver-
tebrates. Voluminous studies have been conducted on the acute taxi-
city of metals to aquatic organisms, with a number of studies 
experimenting with metal mixtures. Recently, work has concentrated 
on toxic metal forms and factors affecting toxicity of plants and 
animal life as follows. 
Metal Toxicity to Aquatic Plants 
While extensive work has been done to determine effects of nu-
trients (mostly nitrogen and phosphorus) on single-celled algae, much 
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l ess in the way of heavy metal effects have been studied. Typi-
cal l y , eff ects onspecific growth rate, u, and u , as well as total 
max 
yield , Y , are used to denote toxic effects. Some of the heavy max 
me t als , i.e., z i nc, copper, molybdenum, and chromium, serve as 
me t abol i t e s fo r algae and are necessary for growth. Others, in-
eluding lead, mercu ry and cadmium, do not appear to have signif i-
cance as metaboli tes (Rai, Gaur and Kumar, 1981). All metals are 
toxic to algae i n "h i gh" concentrations. 
Cadmi um is alway s associated with zinc in natural waters and 
has been t he subjec t of several toxicity tests. A study by Wong, 
Burnison and Chau ( 1979) tested the toxicity of four cadmium salts 
t o four f r eshwater algae species (Ankistrodesmus acicularis, 
Chlorella vulgaris , Acenedesmus quadricauda, and Chlorella pyrenoidosa). 
Although each species of algae displayed different ini-
tial sens itivities, by the eighth day production was reduced simi-
lar ly by each of the cadmium salts. No growth was observed by 
any s pec ies at levels of 5.0 mg/l cadmium. Reported values for 
toxicity throughout the literature seem to vary substantially, 
ranging from 10 ppb to 10 ppm cadmium. These variations can pro-
bably be explained by the investigator's choice of conditions, 
algal species, and methods for bioassay. 
The majority of algal studies are done with members of the 
genus Chlorella. While the actual toxic concentrations vary 
widely (as with cadmium), the "generally accepted" chronology 
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of toxins to Chlorella might be Hg > Cu > Cd > Ag > Pb (Rai, Gaur 
and Kumar, 1981). It should be noted that by no means is this 
chronology "standard" or universally accepted. 
Studies on aquatic macrophytes and heavy metals are relatively 
few. It is in general agreement that copper is the most highly 
toxic metal to aquatic macrophyt es (Brown and Rattigan, 1979). Stu-
dies on the southern naiad (Najas quadulepensis) have shown that 
cadmium can effect turgor, stolon development and can effectively 
reduce chlorophyll content of the plant (Cearly and Coleman, 
1973). Many of the investigators feel that bioaccumulation, rather 
than direct toxicity, could have the most marked effect on aquatic 
ecosystems. Both Brown and Rattigan (1979), and Cearly and Coleman 
(1973), have demonstrated that vascular aquatic plants are quite 
adept at incorporating metals in solution into plant biomass. 
Further, bioaccumulation occurs at metal concentrations below those 
considered sub-lethal to plants. 
Metal Toxicity to Aquatic Organisms 
As shown with plants and algae, organisms similarly respond to 
toxicity assays with heavy metals in a variety of ways. Bioassays 
conducted with freshwater invertebrates indicate a wide range of 
sensitivities between species. 
Acute toxicity of mercury, cadmium, zinc and lead to Daphnia 
sp. and Cypris ~· were investigated by Qureshi, Saksena and Singh 
(1980), using static bioassays. Cypris and Daphnia are considered 
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to be a major f ood f or freshwater fish and deleterious effects on 
Cypris and Daphni a populations could reasonably decrease fish pop-
ulations as well. The t est waters were maintained at pH 8.5, to-
tal alkalinity at 82 . 0 mg / l (as Caco3), and total hardness at 
114.0 mg/l (as Caco3) . Although both genera displayed sensitivity 
to heavy metals, Cypris ~· showed h igher mortalities in each 
case. Mercury was the most t oxic at 0.12 mg/ l, followed by cad-
mium at 0 . 8 mg/l, zinc at 3 . 0 mg/ land l e ad at 4.3 mg/l. Mercury 
was toxic to Daphnia ~· at 0 . 18 mg/ l , followed by cadmium at 1.0 
mg/l, zinc at 3. 2 mg/l and le ad at 7. 8 mg / 1. Each of these con-
centrations are representative of t he 48 hour LC-50 values. 
Static bioassays concerning acut e toxicity of chromium, cop-
per and cadmium to Daphnia magna (Crus tacea) , Biomphalaria glabrata 
(Gastopoda-snails), and Brachydani o rerio (Teleosti-fish) were 
carried out by Bellavere and Go rbi (1981). Test waters were main-
tained at between pH 7 . 4 and 7. 8 , and bioassays were conducted at 
two concentrations of har dness : 100 mg / l and 200 mg/l (as CaC03). 
The overall spect r um of organ ism response to these tests were 
wide. It was shown that Daphnia was the most sensitive organism 
to each metal used in t he re search. At the opposite end of the 
spectrum, Brachydani o sh owed the best tolerance of toxins. Biompha-
lar ia t en ded to be close r to Daphnia than to Brachydanio in sensi-
tivity t o me t al s. Copper was the most toxic metal to all organisms 
tested. Fur ther, the mortality curves of B. glabrata with chromium, 
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cadmium and copper do not exhibit any threshold limit for concen-
trations. Therefore, an increase of exposure times for the organ-
isms may cause lethal effects even at concentrations lower than 
those used in these experiments (Bellavere and Gerbi, 1981). 
Daphnia LC-50 values for 24 hours at hardness 200 mg/l (as 
CaC0 3) for chromium, copper and cadmium were 1.57, 0.07 and 0.16 
mg/l, respectively. LC-50 values for 24 hours at hardness 100 
mg/l (as Caco3) for chromium, copper and cadmium were 0.83, 0.05 
and 0.12 mg/l, respectively. These results show a decrease in tox-
icity with increase in hardness. 
In a study by Nehring and Goettl (1974), bioassays were con-
ducted with several species of trout to determine the relative sen-
sitivities to zinc poisoning. Fourteen day bioassays were conducted 
in order to confirm results which they had obtained previously for 
rainbow trout (Salmo gairdneir) for similar exposures and water 
quality. 
The 14 day LC-50 for rainbow trout was estimated to be 0. 41 
mg/l zinc, which corresponds very well to values of 0.41 and 0.43 
mg/l zinc which were determined by Goettl in an earlier study. 
Of the four species tested, rainbow trout were the least resis-
tant to zinc. Cutthroat trout were more tolerant than rainbow 
trout, followed by brown and brook trout with 14 day LC-50 values 
of 0.64, 0.67 and 0.96 mg/l zinc, respectively. These results 
clearly demonstrate that metal sensitivity differences are not 
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restricted to inter-class comparisons, but can occur between 
closely related members of the same family . 
Toxicity studies with fish are probably the most conunon found 
in the literature. Research on rainbow trout (Salmo gairdneri) and 
fathead minnow (Pimephales promelas) with respect to heavy metal 
toxicity appears over and over throughout the literature. Detailed 
results of acute toxicity tests of heavy metals to fish can be found 
in the Journal of Water Pollution Control Lit erature Review of June 
1982 and J\.llle 1983. Similar information is furnished by EPA-Quality 
Criteria for Water (U.S. EPA, 1976). 
So far, investigations have dealt with effects of individual 
dissolved metals on toxicity. There is considerable evidence sup-
porting the deleterious effects of abnormally high concentrations 
of metals in aquatic environments . It follows that metals probably 
will not occur singularly in polluted waters and, therefore, it is 
important to consider toxicities of combined metal concentrations . 
Synergism and Antagonism 
Several studies have been made on the effect of combinations 
of metals in aqueous solutions on aquatic toxicity. The studies 
have concentrated mainly on metals in which known toxicity concen-
trations for various organisms have been suggested and supported. 
Combined fractions of singular lethal metal concentrations can 
reveal whether a combination of metals increases (synergizes), 
decreases (antagonizes), or has no effect other than summational on 
toxicity. 
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An investigation by Lloyd (1961) compared toxicities of mix-
tures of zinc and copper to rainbow trout (Salmo gairdneri) in both 
hard (320 mg/l as Caco 3) and soft (15-20 mg/l as Caco3) water. 
Both copper and zinc were added as sulfates, the ratio of zinc to 
copper (as mg/l) being 6: 1. The results suggested that when metals 
were present in relatively low concentrations, in either hard or 
soft water, the toxicity could be estimated by summing the individual 
toxic effects of the metals. However, relatively high concentra-
tions of metal mixtures resulted in a synergistic effect on toxici-
t y in soft water. The reason for the departure from summational 
activity was not known but was suggested to somehow be a function 
of relative proportions of zinc, copper and calcium. 
Experimentation involving mixed metal salts on toxicity pro-
vides some interesting results. Lewis (1978) used combinations 
of copper, zinc and manganese in determining toxicities for juvenile 
longfin dace (Agosia chrysogaster). He tested dace for toxicity 
to each individual metal to obtain baseline data. All test solu-
tions were at approximate pH 7.8 and 218 mg/l total hardness as 
Caco 3. The LC-50 values for 96 hours were 0.86 mg/land 0.79 mg/l 
for copper and zinc, respectively. This indicates zinc toxicity 
exceeds copper, a result which has been the opposite for most other 
fish species. In solutions of mixed metal salts, copper-zinc was 
the most lethal toxicant with LC-50 values for 96 hours being 0.21 
mg/l copper and 0.28 mg/l zinc. This result is more than additive 
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while the copper-manganese mixture toxicity was reasonably addi-
tive at 0.45 mg/l copper and 64.0 mg/l manganese (LC-50 for 96 
hours). Baseline LC-50 for 96 hours for manganese was 130.0 mg/l. 
The combined toxic effect of copper-zinc mixtures to longf in 
dace appears to be similar to that for the fathead minnow 
somewhat synergistic). The additive combined toxicity of copper-
manganese solutions in the study was in contrast to the antagonis-
tic action of manganese observed towards nickel toxicity to fish 
(Lewis, 1978). 
In a similar study by Khangarot, Durve and Rajbanshi (1981), 
toxicities of zinc -nickel, copper-nickel and ~inc-nickel-copper 
were studied on the freshwater guppy (Lebistes reticulatus) in hard 
water (260 mg/las Caco3) at an approximate pH of 7.4. Two bioas-
says were conducted with zinc-nickel mixtures: (1) allowing zinc 
in higher fractional proportions than nickel, and (2) allowing nickel 
in higher fractional proportions than zinc. Where the proportion 
of zinc was larger than nickel, the effect was antagonis-
tic. The percent mortality was below the LC-50 at 48 hours ex-
pected by simply summing known fractional toxicities of the indivi-
dual metals. Where the fractional proportion of nickel exceeded 
that of zinc, there was a synergistic effect. The antagonistic 
effect of zinc has been shown on toxicity studies of rainbow trout 
where zinc was the predominate constituent in mixtures of ammonia, 
phenol and zinc. Copper-nickel toxicities were synergistic in 
either copper or nickel predominating media. The toxicities of 
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the zinc - nickel -copper media showed a strictly additive effect, 
neither synergistic nor antagonistic. Overall mortality was higher 
than expected on the basis of the toxicities of individual com-
ponent . Similar r esu l t s f r om t h e Cyprinid fish, Fundulus hetero-
clitus , in synthetic seawat er were reported with the mixtures of 
salts of cadmium, copper and zinc (Khangarot, Durve, Rajbanshi, 
1981). 
In a somewhat long (12 . 5 months ) and compl ex l aboratory exper-
iment, Eaton (1973) has teste d t he chronic tox icity of a copper, 
cadmium and zinc mixture t o t h e f a thead minnow (Pimephales promelas). 
All test waters were adju s ted t o ma i ntain total hardness of close 
to 200 mg/l (as CaC03), alkal i nity of 152 mg/ l (as Caco3) and a pH 
of approximately 7.7. Test concentrations of copper-cadmium-zinc 
were determined by concentrations con sidered lethal of each metal 
singularly and diluted successivel y by 50 percent until singular 
concentrations were consider ed "harml ess" . The concentrations of 
metal salts ranged fr om 30.0 µg/l copper, 60.0 µg / l cadmium, and 
300.0 µg/l zinc, t o 1 . 9 µg/ l copper, 3.7 µg/l cadmium, and 19.0 
11g/l zinc . 
When the re sult s of the tri-metal experiments are analyzed, 
toxic effec ts a re s een at even the lowest concentrations. It is 
pos s i ble, in this case, to assess the contribution of each toxi-
cant due t o the known specific effect of chronic toxicity of each 
singul ar metal. Zinc is known to reduce the number of embryos pro-
duced per female in direct proportion to its concentration, even 
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though adult fish seem unaffected. When chronic tri-metal mixture 
results on embryo development are compared to chronic zinc toxi-
city bioassay results on embryo development, there is no signifi-
cant difference. It seems that the chronic tri-metal effect of 
zinc was little, if any, more toxic than its zinc component alone. 
Chronic copper inquiries have shown injurious effects in that off-
spring are smaller, and development of secondary sexual character-
istics are inhibited. At high tri-metal concentrations, spawning 
was greatly reduced, off spring were smaller, and sexual develop-
ment was inhibited . It is reasonable to assume the reduction in 
spawning was caused by zinc, therefore, the remaining effects could 
be attributed to copper. The tri-metal copper effects seem to be 
enhanced as they occurred at lower concentrations than did the sin-
gle toxicant tests. Chronic cadmium toxicity bioassays have shown 
a degrease in hatching success of eggs with increasing concentra-
tions of cadmium. Interestingly, tri-metal chronic tests showed 
an increase of hatching success, even significantly over that of 
the control which was typically void of dissolved metals. Here, 
it seems that the specific toxic action of the tri-metal mixture 
was reduced. This antagonism of toxic effects of certain metals 
in combination is in agreement with previously reviewed work by 
Lewis (1978) and Khangarot, Durve and Rajbanshi (1981). 
It can be concluded, then, that the toxicity of bi-metal and 
tri-metal mixtures cannot be predicted from the results of the 
single toxicant tests by assuming they were additive in their 
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toxic effects. It was shown that toxicities of mixtures can be 
effected by the particular metals present and the relative ratios 
of metal concentrations . 
Recent investigations have shown the most dramatic effect on 
heavy metal toxicity is the state of water quality in which the 
metal is tested. Water quality effects the chemical form of metal 
ions and hence influences toxicity. 
Effects of Water Quality on Biotoxicity 
LC-50 values for organisms for various metals are meaningful 
if accompanied by detailed water quality analysis for test condi-
tions. Historically, metal toxicity tests in natural waters are 
noted for their variety of numerical results and biological interpre-
tations, usually with little or no chemically relevant data (Andrew, 
Biesinger and Glass, 1977). It has become very clear that the 
toxic action of metals is the direct result of the physical-
chemical properties of the solution in which the metal is tested. 
Preliminary studies have shown that heavy metals can exist in water 
as complexes with organic matter, chelated, adsorbed onto organic 
particulate matter or detritus, adsorbed onto inorganic particles 
or in the form of the free cation. 
It has been shown tha t in freshwaters, copper is predominantly 
associated with organic colloidal matter, lead is divided between 
inorganic and organic forms, cadmium is present as the free ion, 
and zinc is present in both ionic and colloidal inorganic forms 
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(Allen, Hall and Brisbin, 1980). Biological availability of a trace 
metal as either a required nutrient or as a toxicant is dependent 
on chemical form. Studies with the algae, Scenedesmus quadricauda, 
indicate the free metal ion of zinc and copper is significant in 
controlling both nutrition and toxicity (Peterson, 1982). It is 
generally agreed upon in the literature that the free metal ion is 
the most toxic form of heavy metal (Wageman and Barica, 1979; An-
drew, Biesinger and Glass, 1977; Allen, Ha l l and Brisban, 1980; 
Howarth and Sprague, 1978; Shaw and Brown, 1974; and Guy and Kean, 
1980). Therefore, the reduction of free ion concentration in solu-
tion s ould have an overall detoxifying effect. 
Recent investigations of toxicity in the presence of added com-
plexing agents indicate that formation of either inorganic or or-
ganic complexes gre.atly reduce metal toxicity. Chyroweth, Black 
and Maney (1976) conducted experiments with Legistes reticulatus 
to determine the effect of nitrolotriacetic acid (NTA), ethylene 
diamene tetracetic acid (EDTA), humic substances, glycine and 
sewage effluent on copper toxicity and was attributed to the for-
mation of stable complexes with copper. The increasing order of 
LC-50 values correspond exactly with the increasing order of 
stability constants for each of the copper-organic complexes. 
This agrees closely with work done by Allen, Hall and Brisbin 
(1980) in which chelators oxydisuccinic acid (ODS), carboxy 
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methyloxysuccinic acid (CMOS) and carboxy methyltartronic acid 
(Builder M) as well as NTA and EDTA, were shown to reduce zinc 
toxicities for the algae Microcystis aeruginosa. 
Andrew, Biesinger and Glass (1977) investigated lethality of 
copper with respect to several complexing agents, namely, carbonate-
bicarbonate, orthophosphate, and pyrophosphate. Overall, the re-
sults showed that total copper or dissolved copper concentrations 
were not indicators of toxicity to Daphnia magna in the presence of 
various complexing agents. For example, addition of pyrophosphate, 
a strong complexing agent with equilibrium constant pK ~ 8.8, con-
-2 
verted much of the copper to CuP 2o7 , and caused increased copper 
solubility. However, the toxic effect was virtually absent. Pyro-
phosphate reduced cupric activity to less than 3% of that occurring 
in lake water with the same total copper concentration. The same 
basic relationship was found for copper-orthophosphate complexes. 
Both forms of phosphate reduced copper toxicity so that inverse 
relationships appeared between toxicity and increasing concentrations 
of both ortho- and pyrophosphates. 
Other major factors effecting the toxic action of metals in-
elude pH, hardness and alkalinity (Rai, Gaur and Kumar, 1981; Ho-
warth and Sprague, 1978). The effect of pH on toxicity is probably 
the least understood. A general observation could be that the lower 
the pH, the higher the concentration of active free ion is in solu-
tion, hence greater toxicity results. At higher pH values, metals 
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tend to precipitate out of solution and become "non-toxic", how-
ever , physiological changes i n the organisms can make them more 
susceptible to the tox i n . Me tals appear to be least toxic at pH 
values around neutral . 
In each case studied, h i gher hardness and alkalinity resulted 
in decreased toxicity. Present investigation s conclude that cal-
cium is more important in determin ing metal tox icity than is mag-
nesium, which seems to have a minor ro l e (Ra i, Gaur and Kumar, 
1981; Hutchinson and Collins, 1978). Additionally, it appears that 
total alkalinity is also an importan t factor for reducing toxicity 
(Howarth and Sprague, 1978) . 
It was mentioned earlier that t he "f ree" metal ion is considered 
the toxic species. Early studies by Shaw and Brown (1974) produced 
results that could not be explained by the cupric ion (Cu-++) alone. 
By means of equilibrium constant s , t hey concluded that the toxic 
effect could be explained by the concentration of cupric copper and 
copper carbonate. Later s tudies by Andrew, Biesinger and Glass 
(1977), compared re sult s of effects of carbonate-bicarbonate on the 
toxicity of copper to Daphnia ma gna. They determined, by calcula-
ting copper species us i ng equ ilibrium constants, that cupric copper 
+ ( ) +Z "b d . and the cationic hydroxides, CuOH , cu2 OH 2 , attri ute to toxi-
c i ty . Thes e conclus ions a gree exactly with those of Howarth and 
Spra gue (1978) wh o conducted similar studies on rainbow trout (Salmo 
gairdneri) in wa t ers of various pH and hardness. Neither of the 
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two previous i nves tigations (1977, 1978) supported by Shaw and 
Brown's (1974) conclus i on that copper carbonates (Cuco3) were toxic. 
Wagemann and Barica (1 979) agree with the toxicity of the cationic 
+2 + + 2 
copper (Cu , CuOH , Cu 2(0H) 2 ), but they state the lack of evi-
dence to prove or disprove the a c tivity of Cu(OH) 2°. Rather, 
the "total toxic copper" concept is recommended and refers to the 
+2 + 0 
sum of Cu , CuOH and Cu(OH) 2 . Th e total t ox i c copper may be 
appr opriate for applications in natural waters as it hel ps explain 
the ef f icacy of copper as an algicide even in natural waters where 
a higher pH dictates that very little copper is in the form of cu-
pric i on. This total toxic copper concept has not been thoroughly 
tested for other heavy metals . However, preliminary studies indi-
cate zinc, lead and cadmium may exhibit s i milar ,.total toxic 
metaln behaviors. 
Impact of Met als on Receiving Waters 
Having established toxic spec i es of metals and tolerance limits 
of test organisms in the labor atory, how are these results applica-
ble to natural receiving wa ters? The eventual ends of these exten-
sive investigations should indeed be aimed at predicting or assessing 
environmental hazards caused by t hese pollutants. The question of 
hazard assessment on wa t er bodies is like most biological problems 
in that nature prov ides a wide variety in the parameters (pH, hard-
ness, a lka l init y , organ i c complexors, dissolved oxygen, temperature, 
etc.) which effect toxicity. The difficulty in predicting toxic 
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effects in natural streams stems from the difficulty in modeling 
the fate of the toxin upon entering the receiving water. Hydraulic 
considerations as well as stream water quality and the character-
istics of bottom sediments are all factors influencing metal speci-
ation and/or toxicity. There have been a limited number of inves-
tigators who have compared in situ analysis with laboratory results. 
A field study was conducted on Shayler Run, Ohio, in an effort 
to determine effects of copper on stream biota (Geckler, Horning, 
Neiheisel, Pickering and Robinson, 1976). Copper was added to the 
stream over a period of 33 months at levels to maintain concentra-
tions of 120.0 µg/l. Adverse effects were determined for five of 
the common stream fish species as well as five of the most abundant 
macroinvertebrate species. Direct effect on fish were death, 
avoidance and restricted spawning. Simultaneous acute and chronic 
bioassays were conducted with stream water in the laboratory for 
each of the species in question. Acute LC-50 values were reported 
to be very close to in situ results for laboratory tests using 
stream water when contact time and dose were consistent. Likewise, 
similar patterns in spawning reduction and fry mortality could be 
produced in the laboratory when test organisms were subjected to 
field conditions of 120.0 µg/l copper for 33 months exposure. 
Another approach to the problem involved a zinc polluted stream 
from a metal mining industry. Different dilutions of the stream 
water were used to establish LC-50 values for several species of 
trout. The results were clo.se to those established in bioassays 
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using a similar dilution water and added metals, and may indicate 
that laboratory data may be applicable to the natural situation, 
provided the species of fish and water quality are the same (Neh-
ring and Goettl, 1974). 
In a similar manner, variations in mining wastewater were 
used to monitor the impact of metals (Zn, Cu and Cd) on several 
resident trout species in the Slate River, Colorado. The study 
site consisted of four stations along the Slate River and one sta-
tion at Coal Creek, the source of the metal toxicants. The four 
stations on the Slate River were strategically placed so as to pro-
vide areas of consistent metal concentration, which decreased with 
distance downstream. Acute bioassays were conducted in situ with 
trout placed in wire cages at each of the study sites. LC-50 values 
were remarkably similar to those obtained in the laboratory with 
similar water quality, metal concentration and duration of expo-
sure. It would appear that acute toxicity values derived under 
laboratory conditions can provide a useful means for predicting 
environmental impacts of metals on trout populations in natural 
environments, where fish species, fish size and water qualities 
are similar (Davies and Woodling, 1980). 
In conclusion, it appears that bioassays are indeed valid 
tools in determining in situ effects of heavy metals. It is of 
the utmost importance, however, that laboratory bioassays be con-
ducted in waters with similar quality to the water body in 
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question. It also appears that more work is needed in both the 
modeling of the "fate of the metal" in the natural environment, 
and in determinations of toxic species of metals other than copper. 
CHAPTER III 
FIELD AND LABORATORY PROCEDURES 
Static bioassay experiments were conducted in the Environmental 
Engineering and Sciences Laboratory at the University of Central 
Florida using mosquitofish, Gambusi a affinis . The fish were cal-
le e ed from nearby stormwater drainage ditches, transported and 
acclimated to the laboratory environment. During this study, de-
ionized tap water and filtered pond water from the Maitland Inter-
change and I - 4 site were used for solutions of cadmium, zinc, 
lead and copper . Field and laboratory procedures utilized are 
discussed throughout this chapter . 
Fish Collec tion, Treatment and Acclimation 
Mosquitof ish (Gambusia af finis) typical of the local environ-
ment were obtained for testing from nearby stormwater drainage 
ditches. The fish were collected with a 24" by 12" hand-held net. 
Other devices and sein nets proved ineffective in that such mass-
collection techniques caused excessive injury to the fish. Test 
fish were transported back to the lab in large 25-gallon plastic 
containers and allowed to acclimate to laboratory temperature in 
these vessels overnight. During acclimation to lab temperature, 
containers were aerated vigorously and treated prophylactically 
with formalin (20.0 mg/l). These initial conditioning steps proved 
essential for reducing acclimation mortality. 
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Fish wer e t h en placed in a 55-gallon plexiglass aquarium for 
at l e as t 10 day s t o acclimate to captive conditions (see Figure 
1) . Mosqui t of i sh were considered acclimated when behavior was ac-
tive and when all f i sh respond immediately to the addition of food. 
Acclimation water consi sted of tap water dechlorinated with Novaqua 
by Kordon , Inc . , a commercial water conditioner used by the tropi-
cal fish industry . Water t emperature was maintained between 20.0 
and 23 . 0°C, and was filtered with s t andard "box type" airl ift fil-
ters (Bubble- up Corner Fi l t e r by Metaframe, Inc.) throughout accli-
mation . Aquarium filte r medi a consisted of the zeolite ion exchange 
resin, Ammocarb, by Aquar ium Pharmaceuticals, Inc., which is com-
monly used for annnonia removal i n the aquarium industry . Test fish 
were fed twice daily on standard dried fo od (by Wardley 's, Inc.), 
but not fed 48 - hours prior to the experiment. An automatic timer 
controlled fluorescent lighting t o maintain a photoperiod of 12 
hours throughout the exper iment for both acclimation and bioassay 
tanks . Te st f ish were examined ca refully each day during acclima-
tion an d fi sh showi ng signs of disease were removed. Fungus was 
a special problem dur ing the late summer months (August and 
September ). 
Dilution Water 
Dilution water f or static bioassays was obtained from two 
sources: deionized water, which was tap water passed through a 
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Fig. 1. SS-gallon plexiglass acclimation tank. 
Barnstead Water Purification Cartridge (catalog number D0803, High 
Capacity ), and pond water from Maitland detention/retention pond. 
Maitland pond is located at the I-4 and Maitland B.lvd. interchange 
north of the city of Orlando, Orange County, Florida. The pond 
receives its water from highway and bridge drainage. The water was 
obtained during dry periods, transported back to the laboratory and 
filtered with a standard box type airlift filter (as described 
previously for use in acclimation tank) which was filled with 100% 
Polyester Filter Fiber manufactured by Aquarium Pharmaceuticals, 
Inc. Filtration was allowed to proceed for 24-hours at which time 
the pond water was transferred to the bioassay tanks. 
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The deionized tap water provided a very soft water, free of 
complexing agents. However, pond water provided a representative 
of a natural receiving water with buffers and complexing agents 
that might be associated with such waters. Maitland pond was cho-
sen due to extensive monitoring of water quality parameters prior 
to this experiment. 
Bioassay Experiments 
Bioassays were conducted to determine LC-50 values for copper, 
zinc, cadmium and lead using stock solutions prepared from the cor-
responding reagent grade metal salts: Cuso4, Znso4, Cd(N03) 2 and 
Pb(N03) 2, respectively. The various concentrations of metals were 
obtained from the stock solutions, through a dilution technique. 
Preliminary tests with each metal were conducted over a broad 
range of concentrations to locate the critical concentration range, 
that is, the range which is sensitive for LC-50 determinations. 
Ideally, a rang~ of concentrations should be selected for each metal 
which produces a few or no mortalities at the lowest concentration, 
and produces most or 100% mortality at the highest concentration. 
The standard bioassay scheme consisted of twelve 16.0 liter all-
glass aquaria that provided duplicates of five different metal con-
centrations and the control for each test run (see Figure 2). Ten 
fish were added randomly to each of the duplicate test concentra-
tion and control tanks along with dilution water 24-hours prior 
to the addition of metal toxicant. All fish were acclimated in 
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Fig . 2 . St andar d bioassay scheme. 
de chlor inated tap water fo r both deion ized water and pond water 
bioassay s, but were placed in test chambers with respective dilu-
tion waters prior to t esting . 
Fish u s ed during the bioassay experiments were less than 3.5 
centimeters in tota l l eng th and were approaching sexual maturity. 
The average age of these fish was about six to nine months, with 
a mean we t weight of 250.0 mg and a mean total length of 2.9 centi-
me ters (see Figure 3). Before each test, tanks were rinsed and 
soaked with tap water for 24-hours, then washed with full-strength 
acetic acid and rinsed several times. Each of the twelve bioassay 
tanks were aerated vigorously throughout the experiment to main-
tain oxygen levels in the water at or near saturation. 
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Fig. 3. Average Mosquitofish, Gambusia affinis. 
Static bioassays were permitted to run for 96-hours and phy-
siochemical parameters such as pH, hardness and alkalinity were 
measured at time equal to one hour and 48-hours from the addition 
of metal toxican·t. Also, total heavy metal concentrations were 
determined on a plasma emissions spectrometer, Spectra Span III. 
The number of fish which died in each metal concentration was ob-
served carefully and recorded at time intervals of 12, 24, 30, 48, 
54, 72, 78, and 96-hours, respectively. Dead fish were removed 
daily. 
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Examination of Water Quality Effects 
Duplicates of standard bioassay tests were conducted in de-
ionized water in which various buffers and chelating agents were 
added to investigate the effect, if any, on metal toxicity. Hard-
ness (CaC1 2, 100 .0 mg/l as Caco3), alkalinity (NaHco3 , 100.0 mg/l 
as HC03 ), EDTA (2 .74 mg/l) and NaOH (to pH> 8.5) were added to 
separate tanks in addition to approximately twice the 96-hour LC-50. 
Mortality readings were taken periodically as described for the 
standard bioassa . Also, data collected during bioassay experiments 
using pond water are valuable in the examination of water quality 
effects on bio-toxicity. 
Prediction of Metal Species 
WATEQ2 is a computerized chemical model for trace and major 
element speciation and mineral equilibria of natural waters. The 
program has resulted from extensive additions to and revisions of 
the WATEQ2 model (Truesdell and Jones, 1973 and 1974). The model 
is limited by available literature and thermochemical data perti-
nent to chemical reactions of selected elements. A U.S. Geological 
Survey report, Water Resources Investigations 78-116, written by Ball, 
Nordstorm and Jenne (1980), makes available the details of the reac-
tions added to the 100del and their sources. Also, the report lists 
details of the program operation and a brief description of the 
output of the model. Additionally, the appendices contain a glossary 
of identifiers used in the PL/l computer code, the complete PL/l 
listing and sample software. 
CHAPTER IV 
EXPERIMENTAL RESULTS 
Introduction 
The most widely used measure of the acute toxicity of trace 
metals detected in highway runoff is the 96-hour median lethal con-
centration or 96-hour LC-50. Experimentally, 50% effect is the 
most reproducible measure of toxicity to a group of test organisms, 
and 96 hours is often a convenient, reasonably useful exposure 
duration (EPA, April 1975). There are a variety of methods for 
calculating LC-50 values, and simplified graphical interpolation 
techniques have been shown to be accurate within the precision 
of these tests (American Public Health Association, 1980). 
LC-50 values for mosquitofish (Gambusia affinis) were deter-
mined graphically by a method similar to Litchfield and Wilcoxon 
(1949), in which percent of fi sh surviving are plotted on a pro-
bability scale versus exposure plotted on a logarithmic scale, 
for various concentrations of the metal tested. Straight lines, 
or probits,are drawn through points for each of the concentrations 
used in a particular bioassay. The result is several probit lines 
representing metal concentrations used. The 96-hour LC-50 values 
are obtained by fitting an interpolated line through the point 
made by the intersection of 50% survival and 96-hour coordinates. 
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The interpolated value is based on percentages of test organisms 
dying at preferably two or more concentrations, in at least one 
of which less than half of t he organis ms s urvive and in another, 
more than half survive . 
Other useful information which can be obtained from bioassay 
data include the time required t o a given response (percent mor-
tality in this case) for different met al concentrations. A plot 
is made of time to a given percent mortality versus concentration 
on a log-log scale for each metal tested . This information can 
be obtained directly from corresponding survi val-exposure plots. 
The 50% mortality line represents a respons e (death ) of the so-
called average mosquitofish to var ious concen trations of each me-
tal. The 2% mortality line was chosen as a useful level since it 
is a low number yet still high enough s o t hat t he extrapolation 
of probit lines to that value has r eas onable validity . This ar-
bitrary 2% mortality is eq uivalent to a ne gligible effect (EPA, 
1972). The time between a 2% mort ality and 50% mortality response 
can then be considered a measure of time required from no response 
to the death of an average mosquitofish, or a median effective 
lethal time . 
The results obtained i n thi s study include the toxicity of 
UX)squi to fish e xposed to metal solutions in deionized water and 
fi ltere d Mai tland pond water, and are presented in this chapter. 
Also, attempts are made to show the effect of various water 
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quality paramet ers on biotoxi city of Zn, Pb, Cu and Cd separately 
or in the presence of various combinations of metals. 
Metal Toxicity in Deionized Water 
The 96-hour LC-50 val ues fo r Cu, Cd, Pb and Zn for mosquito-
fish were estimated to be 0 .008 , 0.5 , 1 .1 and 1.3 mg/l, respective-
ly, for deionized tap water (see Table 2). Corresponding graphs 
for bioassa results for Cu , Cd, Pb and Zn are presented in Figures 
4 through 7 , respectively . As shown in Table 2, the pH values were 
not consistent in all tests performed . The pH value for the lead 
experiment was kept low to maintain des ired concentration of Pb in 
solution . 
Metal Toxicity in Deionized Wat er 
for Various Water Qualit i es 
Modified bioassa tests were performed for 100squitofish in 
deionized water where metal con cent r ations were held constant, and 
water quality parameters were va r ied for each tank replicate. Me-
tal concentrations used wer e approximately two times the 96-hour 
LC-50 value for deionized wate r with the exception of lead. Lead 
concentration was held at 1 . 0 mg/ l because it was shown that at 
test pH values , any lead present over 1.0 mg/l would precipitate 
out o f so lut ion. 
While the data f rom these 100dified bioassays are not suffi-
cient to de termine LC-50 values for each metal-chelator combina-
tion, they do provide a "rough-cut" estimation of the effect on 
toxicity. Results from modified bioassays are presented as percent 
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surviving after 96 hours exposure for each of the treatments added 
(see Table 3). Plots of percent survival on a probability scale ver-
sus exposure on a log scale were made which show graphically the 
effect of each added chelator on survival (see Figures 8 through 10). 
A plot of this t y pe was not constructed for lead, as each of the 
treatments added resulted in a complete elimination of mortality 
or caused 100% survival. In the case of copper and zinc, it was 
convenien t o determine an ET-30 (the effective time required to 
obtain 30% mortalit ) for each treatment added, for comparative 
purposes. Decreasing ET-30 values indicate increasing toxicity. 
Copper 
Survival rates a f ter 96 hours exposure for copper appear to be 
in the decreasing order of hardness > EDTA > alkalinity > no treat-
ment > aOH with values of 95, 65, 60, 45 and 40 percent survival, 
respectivel (see Table 3). ET-30 values were obtained from Figure 
8 for each of the treatments with the exception of hardness. Hard-
ness showed the most significant effect on reducing toxicity of 
copper and caused a 96-hour mortality of only 5%. ET-30 values 
for EDTA, alkalinity, no treatment and NaOH were 91, 81, 55 and 
31 hours, respectively. This is significant especially for compari-
son of the no-treatment and NaOH cases. The terminal percent sur-
vival values for both cases are very similar at 40 and 45 percent, 
however, ET-30 values for no treatment and NaOH are 55 and 31 hours, 
respectively, indicating NaOH treatment was somewhat more toxic 
than the no treatment case. 
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Cadmium 
Survival rates with added treatments after 96 hours exposure 
to cadmium appear to be 100, 95, 55, 45 and 35 percent survival 
(see Table 3). Modified bioassay data for cadmium are plotted on 
Figure 9. Unlike the case for copper, EDTA was effective in elimi-
nating cadmium toxicity. However, similar to copper, hardness 
reduced cadmium mortality to 5%. The addition of alkalinity and 
aOH showed similar reductions of cadmium toxicity as that for 
copper. 
Lead 
Exposure to lead for mosquitofish after 96 hours for each of 
the treatments added resulted in 100% survival. Hardness, alka-
linity, EDTA and NaOH additions each eliminated the toxic action 
of lead (see Table 3). Lead appears unusually susceptible to 
complexation, both organic and inorganic. 
Zinc 
Survival rates for added treatments with zinc after 96 hours 
exposure were 90, 60, 60, 55 and 40 percent survival, respectively 
(Table 3). As with results for the other metals tested, added 
hardness was the most effective in reducing mortalities, and 
after 96 hours exposure, survival was 90%. ET-30 values were 
obtained from Figure 10 for the treatments added. ET-30 
49 
values for no treatment, alkalinity, NaOH and EDTA added were 82, 
68, 68 and 46 hours, respectively. These values indicate that the 
addition of alkalinity may have caused a slight increase in mor-
tality than the no treatment case, whereas the terminal (96-hour) 
survival percentages were identical at 60%. 
Metal Toxicity in Maitland Pond Water 
Bioassays were conducted using filtered Maitland pond water to 
determine LC-50 values for metals in a typical retention/detention 
pond water receiving highway runoff. The 96-hour LC-50 for Cu, Cd 
and Zn were estimated to be 0.4, 7.4 and 7.0 mg/l, respectively 
(see Figures 11 through 13). LC-50 determinations for lead were 
not conducted for pond water due to the low solubility of lead in 
water containing hardness and alkalinity. The results indicate 
that zinc may be slightly more toxic than cadmium in pond water, 
opposite to results found for deionized tap water. 
Copper remained the most toxic element and although the pond 
water LC-50 value was 50 times that for deionized water, the acute 
toxicity of copper in pond water was relatively high, even when 
compared to other metal values in deionized water. For the metals 
tested with bioassays in pond water, copper toxicity was most sig-
nificantly reduced, followed by cadmium and zinc, respectively 
(see Table 4). Presumably, the toxic action of lead would be vir-
tually eliminated in pond water in the concentration range considered 
in this study. It was demonstrated for lead in deionized water that 
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53 
hardness, alkalinity and organic complexors prevented mortality. 
A preliminary study conducted with lead in pond water showed no 
mortalit ies a f ter 96 hours exposure for 10.0 mg/l lead. 
Metal 
Copper 
TABLE 4 
METAL TOXICITY REDUCTION FACTORS BASED ON LC-50 
VALUES OBTAI ED FROM DEIONIZED AND POND WATER 
Deioni zed Pond Median Lethal 
Wa t e r Water Concentration 
LC- 50 LC-50 Reduction Factor (X) 
0 . 008 0. 4 50 
Cadmium 0 . 5 7. 4 ~15 
Zinc 1 . 3 7.0 ~ 5 
Tox i cit of Metal Combinations 
Tests wer e condu c ted in pond water with mixtures of metals 
t o inves tigate po ssibl e synerg istic and/or antagonistic toxic in-
teract ions. Bi-me t a l combinations of Cu-Cd, Cu-Zn and Zn-Cd 
were added in separate tanks at concentrations equal to one-half 
of each metal's respective individual LC-50 value. If the metal 
toxicity was additive, survival after 96 hours wpuld theoretically 
be 50%. Also, a tri-metal mixture of Cu-Cd-Zn was tested at 
concentrations equal to one-third of their respective LC-50 values 
in pond water. In addition, lead (2.0 mg/l) was added in a sepa-
rate test with the same Cu-Cd-Zn tri-metal concentrations as above. 
54 
The results were plotted as percent survival versus exposure 
for each of the metal combinations (see Figure 14). Each of the 
metal mixtures tested appeared to be more than additive in toxic 
effect with the exception of the Zn-Cd combination. The Zn-Cd re-
sults were reasonably additive with a 96-hour percent survival of 
45 %. Cu-Cd and Cu - Zn mixtures were particularly toxic, with no 
fish surviving after 72 hours exposure for either combination. 
The tri-metal Cu-Cd-Zn were more than additive, and no fish 
survived past 78 hours exposure. However , the addition of lead to 
the tri-metal mixture appeared somewhat antagonistic, with 20% 
of the test organisms surviving the 96-hour duration. The findings 
from this limited data indicate that lead in a mixture of metals 
may produce antagonistic effects and deserves further investigation. 
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CHAPTER V 
ANALYSIS OF RESULTS AND DISCUSSION 
I n troduction 
It is apparent from bioa s say resul ts that the major factor 
controlling aquatic metal toxici t y is water quality . The effect 
of water quality is two-fold : (1) water qual ity controls the 
phy siological response of fish t o me t a l s (i.e., resistance and 
susceptibilit ), and (2) water qual ity determines the metal form 
or species present and, hence, t h e ac tive f raction of metal con-
centration. It is desired to understand the f actors influencing 
metal speciation and their toxicity s o that regulatory agencies 
can provide meaningful surface wat er qual ity standards. The 
effects of water quality on meta l tox icity for deionized water 
and pond water are discussed in this chapter. 
Significance of Stat ic Bioassay s and Test Fish 
Environmental engineers of today are faced with the enormous 
t ask of providing decis i ons regarding the potential effects of 
highway ninoff an d a s soc i ated heavy metals which are released into 
the env i ronment . As scientists, we must agree that decisions or 
predict i ons based on what might be considered minimal data can 
still be scientif ic. As long as the basis for such decisions are 
provided, scientific integrity can be maintained (EPA, July 1977). 
56 
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'When predicting acceptable metal concentrations from tests 
with aquatic organisms, certain considerations must be made. Any 
predictions must consider whether the animals tested · are typical 
for that species. Since the environment is composed of an array 
of organisms, varying sensitivity to metals between species must 
also be considered. The length of exposure and life cycle stages 
are also important considerations (Mount, 1977). 
The objective in using an application factor is to integrate 
effects of variable species sensitivity, length of exposure and 
effect of water characteristics on toxicity, and to enable one to 
estimate acceptable concentrations without long expensive tests 
on a large number of species and waters (EPA, July 1977). The 
static technique provides the easiest measure of toxicity and is 
of ten the onl practical means of estimating the influence of 
water quality on the results of toxicity tests (EPA, April 1975). 
The maximum concentration that causes no significant effect 
on the reproduction, growth and survival of test organisms during 
a full life cycle has been termed the MATC (maximum allowable 
toxicant concentration). Mount (1977) has proposed that if a re-
lationship can be developed between MATC's and acute LC-50 values 
for groups of metals or groups of organisms, then application fac-
tors can be determined by 96-hour LC-50 tests with a selected or-
ganism or metal. 
58 
While no method as of yet has proven entirely satisfactory, 
acute bioassays for a ssessing aquatic toxicity show promise. Ac-
curately predicting safe toxicant concentrations requires more re-
search, and in particular, those relationships between acute 
toxicity and chronic effects need further study . 
While the criteria for application fac tors are important, the 
selection of test organisms must be at least equally important. 
Qualit Cri eria for for Water (EPA, 1976) recommends that bioassays 
be conducted for sensitive resident species, due to the wide vari-
ability of toxic responses among various fish. Other criteria 
for fish selection include availability, importance, past use and 
ease of handling in the laboratory (EPA, April 1975). In general, 
the use of ild fish are discouraged because of the high potential 
for genetic variabilit , widespread pollution, and disease (EPA, 
May 1975). The EPA (April, 1975) further reconnnends that fish are 
chosen primaril to encourage uniformity and publishes a list of 
recommended fish . These fish are: 
Coho salmon (Oncorhyncus kisutch) 
Rainbow trout (Salmo gairdneri) 
Brook trout (Salvelinus fontinalis) 
Goldfish (Carassius auratus) 
Fathead minnow (Pimephales promelas) 
Channel catfish (Ictalurus punctatus) 
Bluegill sunfish (Lepomis machrochirus) 
59 
Only one fish on t he EPA lis t occurs in Central Florida, the 
bluegill , and that species i s reportedly not considered sensitive 
for metal bioassays (EPA , 1976 ) . Therefore, it is necessary to 
identify species that ar e importan t in aquatic environments over 
wide geographical regions. 
Mosquitof ish were chosen because t hey are readily available, 
are used easily in toxicity tests , and can be considered represen-
tative of the southeastern United States . While more work is 
needed to determine if mosquitofish might be considered sensitive 
species, for our purposes mosquit of ish were ideal for comparing 
effects of water quality on toxici ty . 
Metal Toxicit in Deion ized Water 
The order of metal toxicity appears to be Cu > Cd > Pb > Zn. 
When these toxic chronologies are compared with others obtained 
from the literature, there i s general agreement. Some reported 
toxicities for other fish s pecies are presented in Table 5. From 
Table 5, it is obvious t hat zinc i s reportedly more toxic than 
lead for fish species l i s ted. This is well supported in the liter-
ature f or ot her fish as well. Results from statis bioassays .with 
mosquitofish in deion ized tap water appear contradictory. However, 
it is possible that the LC- 50 value obtained for nx>squitofish with 
lead could be l.lllderes t imated due to tests being conducted at pH 
values of 5.2 to prevent lead precipitation. While the effect of 
pH on toxicity is probably the least understood, it has been shown 
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that pH values less than 7.0 cause an increase in toxicity, es-
pecially in waters of low hardness (Howarth and Sprague, 1978). 
It should be mentioned that 100% of control fish survived at pH 
5.2. 
Toxicity data for cadmium with fish that might be used for 
comparative purposes is relatively scarce. However, cadmium has 
been shown to be less toxic than copper for zebrafish (Brachy-
danio rer·o) by Bellavere and Gorbi (1981), and more toxic than 
zinc for chinook salmon (Oncorhyncus tshawytscha) by Finlayson 
and Verrue (1982). These studies agree with results of bioassays 
with mosquitofish in deionized water. 
When mosquitofish values are compared with 96-hour LC-50 val-
ues reported for a similar fish, the guppy (Lebistes reticulatus), 
values for mosquitofish are considerably lower (see Table 5). How-
ever, it must be realized that these reported toxicity values for 
guppies are for water of 20.0 to 30.0 mg/l hardness as Caco3 . 
It has been demonstrated that increasing hardness decreases metal 
toxicity (Hutchinson and Collins, 1978; Howarth and Sprague, 1978; 
Rai, Gaur and Kumar, 1981). Since hardness appears to play a 
role in toxicity, it is reasonable to assume that the lack of 
hardness in test water contributed to the marked increase in 
toxicity for mosquitofish. 
In addition to LC-50 values, time to given percent mortality 
curves can be constructed for Cu, Cd, Zn and Pb. If a dose equi-
valent of two times the 96-hour LC-50 for each metal are considered, 
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the time to death of the average mosquitofish (50% mortality) 
can be compared (see Figures 15 through 18). The time required 
from 2% to 50% mortality for Cu, Cd, Pb and Zn are 46, 36, 25 
and 42 hours, respectively. 
Apparently there is a wide variability in response times 
for the metals tested. This variability is attributable to the 
physiology of mosquitofish, water quality, and the toxic mechanism 
associated with each metal. Because of this variability, there 
is no simple "rule of thumb" for determining concentrations which 
will cause no appreciable toxicity from the 50% mortality values 
alone. It is necessary to determine this empirically for each 
dilution water and metal tested (EPA, 1972). A general conclu-
sion which can be drawn from time to percent mortality curves 
for all metals tested might be that an increase in metal concen-
tration results in a decrease of mortality response time. From 
Figure 15, it can be seen that an increase of copper concentration 
from 0.01 to 0.04 mg/l results in a decrease in time for 2 to 50% 
100rtality, from 63 hours to 24 hours. Higher concentrations re-
sulted in lower 50% mortality response times for all metals 
tested. 
Effect of Added Compounds to Deionized Water 
Added Hardness 
Added hardness proved to be the IIX>st effective parameter for 
reducing or eliminating the toxicity for all metals tested (see 
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Table 3). It has been generally accepted that increased hardness 
results in a decrease in copper toxicity (Howarth and Sprague, 
1978; Chynoweth, Black and Maney, 1976). The mechanism associated 
with reduced toxicity is not well understood for hardness. It 
has been suggested that cations associated with hardness (ca* and 
++ Mg ) reduce copper toxicity by reduction of gill permeability 
to cationic transport, and by competition with copper for active 
sites (Chyno eth, Black and Maney, 1976). 
There is little data published with regard to effects of cal-
cium ions on cadmium toxicity. Presumably, similar mechanisms are 
at work for cadmium as they are for copper. 
Lead toxicit was eliminated by hardness. It has been shown, 
as fo coppe and cadmium, that the most toxic metal species is 
the free lead ion (Cunningham, Schindler and Zimmerman, 1980). 
Reported! , lead has a solubility of 0.5 mg/l in soft water (20.0 
mg/l as Caco3) and only 0.003 mg/l in hard water (200.0 mg/l as 
Caco3) of pH near neutral (EPA, 1972). This low solubility of lead 
accotmts for the elimination of toxicity in the presence of added 
hardness. 
The effect of hardness on reducing toxicity of zinc to mos-
quitofish agrees with many previous studies with other fish (Davies, 
Sinley and Goettl, 1974). While no precise mechanism for reduced 
toxicity has been offered, it is presumable as for with copper and 
cadmium, that calcium acts as a competitor with zinc on gill epi-
thelial sites. 
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It was shown with the WATEQ2 metal speciation computer pro-
gram that the addition of Cac1 2 to deionized water caused vir-
tually no change in major metal species. Therefore, the reduced 
toxicity associated with hardness must be attributable to the 
physiology of the fish, rather than the concentration of active 
metal species. This protective e ffec t of calcium ion makes it 
difficult to predict acute toxicity on the basis of toxic metal 
species alone. Unforttmately, little attention has been paid in 
toxicity studies to the separate effects of hardness and alkalin-
ity. 
Added Alkalinity 
Added alkalinity to deionized water resulted in decreased 
toxicity for all metals except for zinc, in which case there was 
no difference in mortality between control and added alkalinity 
tanks (see Table 3). 
Alkalinity added with copper caused a 20% increase in sur-
vival over control fish. Data produced from the WATEQ2 program 
indicate that for a typical surface water at pH equal to 7.0, the 
major species present is Cuco 3 , at alkalinity levels of 100.0 
mg/l HC0
3
-
Recently, it has been agreed upon that soluble Cuco 3 is non-
-H-toxic, or at least, much less toxic than the cupric ion (Cu ). 
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The predicted increase o f Cuco3 would explain the reduced toxicity 
-
of copper for mosquitofi sh in the presence of HC0 3 . 
The addi t i on of alkalinity t o cadmi um tests in deionized water 
resulted in only a 20% in cre ase i n percent survival over control 
fish (see Table 3) . Assumin g it i s t he f ree cadmium ion which is 
the most toxic form, an expl anation for i ncreased survival might 
stem from the decrease in free cadmium ion predicted by WATEQ2. 
Unlike copper free cadmium remains the dominant species for all 
ranges of HC03 added . However, the concentration of cadmium 
ion decreases with increasing alkalinity . 
The addition of alkalinity to deionize d water eliminated the 
to icity of lead . ot surprisingly , predictions by WATEQ2 show a 
dramatic reduction in free lead ion , and a corresponding rise in 
Pbco 3 wit increasing bicarbonate concentration. 
The addition of bicarbonate showe d no appreciable difference 
between test fish and controls fo r zinc (see Table 3). Predictions 
by WATEQ2 show no b uildup of zin c carbonates or consequent reduc-
tion in free zinc concentrations which may reduce toxicity. Appar-
ently , the presence of carbonate alkalinity alone has little or no 
effect on zin c toxi city. 
In cont rast t o h ardness, i t appears that carbonate alkalinity 
offe r s l it tle i n the way o f protective physiological effects for 
precluding me tal toxi city for mosquitofish. Rather, the bicarbonate 
ion e f fects toxicity only by causing changes in the relative 
fractions of active metal species. 
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Added NaOH 
The addition of NaOH to raise the pH above 8.5 caused no 
appreciable effect on toxicity with the exception of lead (see 
Table 3). Lead toxicity was eliminated for mosquitofish in de-
ionized water . At pH values above 8.0, lead formed an insoluble 
precipitate and visibly settled out of solution. Lead concentra-
tions were consequently reduced to those of background levels and 
produced no mortalities . 
As mentioned previously, toxicity-pH relationships for solu-
ble metals are quite complex. However, some speculation has been 
offered on pH-toxicity relationships for copper. At pH values 
from 8 0 to 8.5, there is very little copper not associated with 
Cuco 3 and Cu(OH) 2 , as predicted by WATEQ2. At these pH ranges, 
the organism apparent! becomes more sensitive to the free copper 
form. Increasing toxicity of cupric ion at high pH is hypothe-
sized to result from interactions with sulfhydryl-containing pro-
teins or enzymes (Andrew, 1976). Apparently, the resulting 
toxicity is similar or greater than that at pH values near 7.0, 
but presumabl by different mechanisms. 
Likewise, for the pH ranges involved, the addition of NaOH 
caused a similar reduction in both free cadmium and free zinc 
ion concentrations (by WATEQ2). The relatively tmchanged toxi-
city of zinc and cadmium between test and control fish may be more 
a function of mosquitofish physiology than metal ion concentration. 
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Added EDTA 
The addition of EDTA to deionized water had mixed results on 
metal toxicity (see Table 3). The complexing properties of EDTA 
have been well documented. Several studies have shown that free 
metal ion concentrations are reduced in the presence of EDTA and 
that these metals form stable complexes with EDTA molecules. These 
stable complexes are known to be non-toxic to aquatic biota. 
Despite the non-toxic effects of EDTA complexes, tests with 
copper show only a 25% increase in survival after 96 hours over 
control fish dosed with copper alone. The results also indicate 
an increase in zinc toxicity with added EDTA, and cannot be sup-
ported in the literature. Quite the contrary, studies with zinc 
and EDTA have shown decreases in toxicity (Allen, Hall and 
Brisbin 1980; Peterson, 1982). One can only conclude that there might 
be some peculiar mechanism occurring for mosquitofish, or that 
some form of experimental error was introduced. In contra~t to 
copper and zinc, the addition of EDTA to tests with cadmium and 
lead produced more expected results, and eliminated toxicity. 
It appears that lead may be susceptible to complexation due 
to the elimination of lead toxocity by each of the treatments 
added, EDTA proving no exception. This is fortunate in light of 
the fact that lead is the predominant metal found in highway runoff 
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and nearby receiving waters. Lead's toxicity in the natural 
environment should be minimized due to complexation of the metal 
and the lack of ionized species. 
Metal Speciation in Test Waters 
The WATEQ2 program was used to generate the major metal spe-
cies present in both deionized water and pond water for comparative 
purposes. Metals were considered individually and at concentra-
tions equal to their respective LC-50 values in deionized water and 
pond water. The predicted metal species for deionized water are 
shown in Table 6. 
Metal 
Copper 
Cadmium 
Zinc 
Lead 
TABLE 6 
MAJOR HEAVY METAL SPECIES PREDICTED FOR 
DEIO IZED WATER FROM WATEQ2 
Maj or Species % of Total 
cu* 53 
Cu(OH) 2 41 
ca* 98 
Zn-H- 99 
Pb++ 80 
Pb CO 8.2 
PbOH3+ 9 
Metal 
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The major species present in deionized water were predicted 
to be the free metal ion for each metal tested. Zinc and cadmium 
were present mainly as the free ion and contributed to 99 and 98 
percent of the total metal concentration, respectively. Free 
lead was present as 80% of the total and free copper comprised 
53% of the total metal concentration. 
The presence of these active metal forms, and the absence of 
che ators or protective environmental factors (hardness, alkalin-
ity, etc .. ) undoubtedly caused the high metal toxicities in deion-
ized water relative to published data. However, it was this fact 
which provided the unique opportunity to see the individual ef-
fect of hardness, alkalinity, EDTA and pH on toxicity. 
Fortunately Maitland pond water quality has been extensively 
roonitored, and sufficient data was available to generate metal 
species in pond water with a high degree of confidence (see Table 
7). The predicted metal species for pond water are shown in 
Table 8. 
The major species predicted in pond water for copper, cad-
mium, zinc and lead were Cu(OH) 2 at 85%, Cd++ at 56%, Zn++ at 56% 
and Pbco3 at 92% of the dissolved metal concentration, respective-
ly. The results are not so easily analyzed, and a model for pre-
dicting toxicity in pond water becomes very difficult, especially 
when one realizes that a pH change of only one unit will shift 
chemical equilibria and may drastically change the metal species 
present. 
74 
TABLE 7 
OVERALL AVERAGE DISSOLVED WATER QUALITY 
CHARACTERISTICS FROM MAITLAND STUDY SITE 
Parameter 
pH 
Sp. Cond. ( mho I cm) 
Color Units 
Diss. Solids 
Alk (CaC03) 
TH (CaC03) 
CH (CaC03) 
N03 
Org. as 
NH4-
N02-
N03-N 
TP-P 
OP-P 
Ca++ 
Mg++ 
Na+ 
K+ 
Humic Acids 
Concentration (mg/l) 
Rainfall 
5.2 
18.0 
1.0 
9.8 
LO 
4.3 
3.3 
1. 5 
2.7 
1.6 
1. 37 
0.27 
0.045 
0.01 
0.31 
0.02 
0.01 
1. 26 
0.18 
1.16 
0.28 
1. 0 
Runoff 
6.9 
123.0 
10.0 
75.9 
44.4 
48.8 
8.0 
54.2 
11.9 
2.9 
1.44 
0.32 
0.09 
0.02 
0.33 
0.05 
0.03 
27.0 
1.17 
2.9 
1. 7 
5.0 
Pond 
7.9 
186.0 
10.0 
113.3 
50.4 
70.8 
20.2 
61. 7 
26.6 
5.1 
0.34 
0.38 
0.04 
0.01 
0.15 
0.01 
0.02 
20.5 
4.5 
5.6 
4.3 
4.0 
Metal 
Copper 
Cadmium 
Zinc 
Lead 
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TABLE 8 
MAJOR HEAVY METAL SPECIES PREDICTED 
FOR POND WATER FROM WATEQ2 
Maj or Species Percent of Dissolved Metal 
Cu(OH) 2 85 
Cuco 3 11 
Cu fulvate 2 
Cu++ 0.8 
Cd++ 56 
CdC0 3 35 
CdHC03 6 
Zn++ 56 
ZnC03 27 
.ZnHCo3 
+ 5 
Zn (OH) z 4 
ZnOH+ 3 
Pb CO~ 92 
Pb OH 3 
Pb++ 2 
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Assuming that cationic metal species are biologically active 
or toxic, it may become a simple matter, via computer programs, 
to predict the concentrations of these active metal species, if 
important water quality parameters are known. But not only is 
it a question of toxic metal specie, for if this were the case, 
predictive models could easily determine the toxicity of metals 
in the aquatic environment. However, the protective effect of 
certain environmental factors makes this impossible. 
It is obvious for Maitland pond water that some of these pro-
tective environmental factors are at work. Looking at computed 
copper, zinc and cadmium concentrations, the sum of the cationic 
metal species increased from deionized water to pond water by a 
factor of 1. 5, 3. 5 and 7. 7, respectively (see Table 9). It must 
be realized that WATEQ2 model is limited by available thenoody-
namic data on various complexes. 
Metal 
Copper 
TABLE 9 
PREDICTED CATIONIC SPECIES BY WATEQ2 FOR 
METAL CONCENTRATIONS EQUAL TO 96-HOUR LC-50 
IN DEIONIZED WATER AND POND WATER 
Sum of Cationic Species (mg/l) 
Deionized Water Pond Water 
0.00440 0.00669 
Cadmium 0.49356 4.22168 
Zinc 1. 29044 4.54391 
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The fraction of cationic lead actually decreased in pond wa-
ter when a concentration of 10.0 mg/l was considered. However, a 
lead concentration of 10.0 mg/l caused no mortalities to mosquito-
fish and concentrations of 500.0 mg/l for 96-hour LC-50 values are 
not unconnnon for lead in hard water. It is reasonable to expect 
that at lead concentrations sufficiently high to cause mortality, 
that the sum of cationic species would exceed those found in de-
ioniz d water as well. 
As was shown in deionized water, the presence of some compounds 
increased fish resistance to active metal forms. From Table 7, 
the IJX)St ob ious such compound present in pond water was calcium. 
Calcium was present in concentrations of 20.5 mg/l or approximately 
51.0 mg/l as Caco 3. 
It was shown in deionized water that calcium was the most ef-
fective additive for reducing toxicity, and caused no significant 
changes in cationic species. The presence of calcium almost cer-
tainly allowed msquitofish in pond water to tolerate higher con-
centrations of active metal species. 
Whether or not calcium displays a threshold effect for pre-
cluding toxicity has not been studied, since the separate effects 
of hardness and alkalinity have not been investigated. One can-
not surmise that decreased toxicity due to hardness found through-
out the literature is a result of decreased active metal specie 
or increased tolerance of fish. 
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The other main cont r ibutor to hardness, magnesium, was also 
present in pond water i n concent rations o f 18.5 mg/l as Caco3• 
Although magnesium ions h ave be en sugges t ed not to play a major 
role in metal toxicity , t his ha s not been shown experimentally. 
For that matter , other cations f oun d in natural water such as 
sodium and potassium should prob ably be investigated to find out 
if they exhibit similar protective e f f ects . 
Synergism and Ant agonism 
Modified bioassays were conducted with pond water to test the 
effect of combined metals on toxici ty . Since metals associated 
with highway rtmoff do not occur s i ngularly , . but in combination, 
it was deemed useful to compare the toxic e ffe ctiveness of metal 
mixtures against results obtained in sin gular metal bioassays. 
Although m::>dified bioassays did not supply s ufficient data to ob-
tain LC-50 values for e a ch mixture, t h e objective of this exper-
iment was more qualitative in t hat results should show if such 
mixtures were additive or no t i n effect. 
Quite convincin gly , both Cu-Cd and Cu-Zn combinations were 
more t han a dditive i n eff e ct (Figure 14). The combination of cop-
per and zin c , whi ch were the two most singularly toxic metals in 
pond wate r, pr oved to be the most synergistic bi-metal mixture. 
Further examination o f results reveals that the presence of copper 
in any of the mixtures produced a synergistic effect. This syner-
gism associated with Cu-metal mixtures seems supported in the 
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literature for some other metals as well. Synergism associated 
with copper has been shown for Cu-Ni mixtures for guppies, Cu-Zn 
mixtures for longfin dace, Cu-Zn mixtures for rainbow trout and 
Cu-Zn-Cd mixtures for Fundulus heteroclitus. 
The only combination of metals which produced !'.'elatively addi-
tive (45% survival after 96 hours) results did not include copper. 
Th a t was the bi-metal combination of Zn-Cd. However, when copper 
was incluced with zinc and cadmium, the results were again more than 
additive. The reason for this heightened toxic activity of metal 
combinations with copper apparently i~ not known. 
Tri-metal and four-metal tests were conducted with Cu-Zn-Cd 
and Cu-Zn-Cd-Pb combinations. The test concentrations were iden-
tical except for the addition of lead in the latter case. The 
tri-metal test (without lead) appeared s nergistic and no fish sur-
vived after 78 hours exposure. However, the addition of lead 
caused decreased toxicity to mosquitofish and after 96 hours ex-
posure, 20 % survived. Since all parameters were held constant, 
one might assume there is an antagonistic effect of lead on Cu-Zn-
Cd toxicity in pond water. This antagonistic effect of lead was 
later confirmed with identical tests and results. 
Another important consideration for toxicity of combined 
metals appears to be the ratio in which metals are present. It 
has been shown that varying the ratios of metals can cause a 
shift in effect from additive to synergistic and from additive to 
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antagonistic (Khangarot, Durve and Rajbanshi, 1981; Finlayson 
and Verrue, 1982). Perhaps this is a blessing in disguise for 
environmentalists because lead appears to be both the predominant 
metal in highway runoff, and a toxic antagonist for other metals 
associated with the same runoff. 
CHAPTER IV 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ! 
Summary and Conclusions I 
Experiments were conducted with mosquitofish (Gambusia 
affinis) to determine the toxicities of highway runoff metals 
in both deionized water and water from a storm;.;ater detention/ 
retention pond. Mosquitofish were collected from nearby storm-
water drainage ditches and acclimated to laboratory conditions. 
Toxicit was measured with a static bioassay scheme from which 
96-hour LC-50 values were estimated for each metal. Bioassays 
ere pe formed with deionized water after changing selected par-
ameters by adding hardness, alkalinity, EDTA and NaOH individually 
in order to test their effect on toxicity. Also, bioassays using 
various metal combinations were conducted to examine synergistic 
and antagonistic effects. 
The data collected show the effect of natural water from a 
detention/retention pond on the reduction of biotoxicity. Also, 
the water quality parameters responsible for this reduction have 
been investigated. 
Compounds added to deionized water which varied water quality 
parameters had various effects. The effect of hardness in de-
ionized water was the lJX)St dramatic, markedly reducing or elimi-
nating toxicity for each metal tested. 
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The effect of alkalinity eliminated the toxicity of lead, 
increased survival for copper and cadmium, and had no effect on 
survival for zinc. Hardness and alkalinity reduce toxicity by 
two separate mechanisms. EDTA eliminated mortality for lead and 
cadmium, increased survival for copper, and caused an apparent 
increase in zinc toxicity. The addition of NaOH to raise the pH 
eliminated the toxicity of lead and had no appreciable effect on 
copper, cadmium or zinc. 
Specific conclusions were reached as follows: 
1. Metals in pond water were considerably less toxic than 
in deionized water for mosquitofish. The 96-hour LC-50 values 
for Cu Cd, Zn and Pb in deionized water were estimated to be 
0.008, 0.5, 1.3 and 1.1 mg/l, respectively. However, 96-hour LC-
50 values for Cu, Cd and Zn in pond water were estimated at 0.4, 
7.4 and 7.0 mg/l, respectively. Lead toxicity was eliminated in 
pond water for concentrations up to 10.0 mg/l. 
2. The relatively lower toxicity in pond water was attri-
buted to hardness and chelators present. 
3. Copper was consistently the most toxic metal tested for 
both deionized water and pond water. 
4. Reductions in metal toxicity by adding hardness and 
alkalinity to deionized water were observed. However, the re-
sults appear to suggest two different mechanisms for this reduc-
tion. 
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5. Copper in combination with the other metals tested 
caused toxic effects which were greater than additive in pond 
water for mosquitofish. This synergistic effect was shown for 
Cu-Zn, Cu-Cd and Cu-Zn-Cd combinations. 
6. o fish survived the 96-hour duration for any metal mix-
ture tested which included copper metal. However, when lead was 
added to the mixture of Cu, Cd and Zn, a percentage (20%) of the 
test fish survived after 96 hours of exposure. 
Recommendations 
It is suggested to: 
1. Investigate toxic combinations of metals in concentrations 
commonl fotmd in highwa runoff and receiving waters. Specifi-
cally the antagonistic effect of lead on the toxicity of other 
metals deserves further attention. 
2. If possible, other species should be used in bioassays. 
Largemouth bass (Micropterus salmoides), Bluegill sunfish (Lepomis 
macrochirus) and any of the shiner family (genus Notropis) are 
representative, ecologically important species. Any fish used for 
determination of water quality standards should be sensitive and 
tests should preferably run through one life cycle, or at least 
use the most sensitive phase of the life cycle. 
3. Investigate possible protective effects for reducing 
++ + toxicity of other cations (Mg , Na , etc.) associated with 
natural waters. 
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